Summary Daily and seasonal patterns in radial distribution of sap flux density were monitored in six trees differing in social position in a mixed coniferous stand dominated by silver fir (Abies alba Miller) and Norway spruce (Picea abies (L.) Karst) in the Alps of northeastern Italy. Radial distribution of sap flux was measured with arrays of 1-cm-long Granier probes. The radial profiles were either Gaussian or decreased monotonically toward the tree center, and seemed to be related to social position and crown distribution of the trees.
Introduction
Sap flow measurements are widely used in ecophysiological studies to investigate aspects of plant-water interactions, such as whole-plant or canopy transpiration (Vertessy et al. 1997 , Oren et al. 1999 , Pausch et al. 2000 , Martin et al. 2001 , canopy conductance (Köstner et al. 1996a , Pataki et al. 1998 , Oren et al. 1999 ) and leaf stomatal conductance (Ryan et al. 2000) . Moreover, these techniques are often used to validate and compare estimates of water use and storage in woody species (Wilson et al. 2001) .
Sap flow is normally estimated from sap flux density measurements (v; g H 2 O m -2 s -1 ) made with a single sensor installed in the outer part of the xylem, assuming uniform sap flux density across the sapwood. Thus, the product of v times the total sapwood conducting area (A) of the stem cross section gives the total mass flow of sap (F = vA) (Granier 1985 (Granier , 1987 .
A large radial variability in sap flux density has been observed in several studies, indicating that the assumption of homogeneity is often violated, generating large systematic errors in the sap flow estimates (Nadezhdina et al. 2002 , Ford et al. 2004a . The most common patterns of radial sap flux density form a Gaussian bell, exhibiting a peak between sapwood depths of 10 and 30 mm (Èermák et al. 1992 , Lu et al. 2000 , Pausch et al. 2000 , James et al. 2002 , Nadezhdina et al. 2002 , a monotonically decreasing pattern towards the stem center (Hatton et al. 1990 , Becker 1996 , Köstner et al. 1996a , Phillips et al. 1996 , Wullschleger and King 2000 , James et al. 2002 , Delzon et al. 2004 ) and a bimodal pattern (Anfodillo et al. 1993) .
To account for nonuniform sap flux when estimating canopy transpiration, the most common techniques make use of an array of sensors placed at different depths below the cambium (segment heat balance method (Èermák et al. 1992) ; heat pulse method (Hatton et al. 1990 ); thermal dissipation method (Phillips et al. 1996 , Lu et al. 2000 ). Other approaches adopt moveable probes along the stem radius (Zang et al. 1996 , Delzon et al. 2004 , or a single sensor with multiple measuring points (Nadezhdina et al. 2002) . The thermal dissipation method developed by Granier (1985) has the advantage that sensors are inexpensive and easy to manufacture and use, even if the estimate of sap flux density is based on empirical calibration. Clearwater et al. (1999) reported that depth-dependent variation in sap flux density might be difficult to detect with 2-cm-long measurement probes because they do not accurately integrate sap flux density along their lengths. For this reason, shorter sensors (e.g., 1-cm-long effective measuring elements, James et al. 2002) may minimize errors associated with changes in water conductivity and sap flux density between adjacent layers of sapwood.
Correction factors are generally used to extrapolate wholetree sap flow from measurements at a single depth (Zang et al. 1996, Wullschleger and King 2000) . Köstner et al. (1996a) used a correction factor for Pinus sylvestris L. that depended on sapwood thickness. Recently, Delzon et al. (2004) proposed a linear relationship between the correction factor and stem diameter below the live crown on Pinus pinaster Ait. that appeared to be independent of meteorological drivers, although they did not investigate the entire range of environmental conditions. The effectiveness of the correction factor is mainly dependent on the within-and between-tree variability of the radial profile of sap flux density. Although the general radial profile seems remarkably consistent among tree species with tracheid xylem anatomy (Phillips et al. 1996, Spicer and Gartner 2001) , several studies have reported that radial sap flux density varies during the day or the season, being correlated to air vapor pressure deficit (Nadezhdina et al. 2002) and soil-water content (Phillips et al. 1996 , Ford et al. 2004a , 2004b . Nadezhdina et al. (2002) found high temporal variations of the radial sap flux density profile along the xylem radius used for sap flow integration, especially in the morning and evening of sunny days, and pointed out the importance of long-term measurements.
Based on these considerations, the aims of this study were to: (1) detect the pattern of radial sap flux density of Picea abies (L.) Karst and Abies alba Miller with arrays of 1-cmlong Granier sensors; (2) assess the meteorology-related changes in the radial profile of sap flux density and develop models for scaling sap flux density from single outer xylem measurements to the whole tree and stand, both during the day and the season; and (3) quantify errors that occur when sap flux density is scaled up assuming uniform radial distribution.
Materials and methods

Site description and sapwood measurements
The experiment was performed in a coniferous mixed stand in the northeastern Italian Alps (Lavarone; 45°57′19″ N, 11°16′52″ E) on a slightly sloping forest site at an elevation of 1353 m. The climate is characterized by a mean annual temperature of 7.8°C and a mean annual precipitation of 1150 mm. The site is equipped with a 42-m-tall tower for micrometeorological measurements and for the estimation of the momentum, energy and mass fluxes (water and carbon dioxide) by means of the eddy covariance technique, according to the Euroflux methodology (Aubinet et al. 2000) . The following environmental variables were recorded as 1-min means on the eddy tower: ambient air temperature and relative humidity (Rotronic MP103A), photosynthetic active radiation (PAR; Li-Cor Li-190SA) and rainfall (Young 522202). Soil water content was measured by two sets of four probes (Campbell CS615, Logan, UT) inserted in the soil at successive depths (10, 20, 35, 50 cm) . Vapor pressure deficit (D = e sat -e) was computed from ambient vapor pressure (e; kPa) derived from water vapor concentration and saturation vapor pressure (e sat ; kPa) calculated from air temperature. Additional information on the canopy structure and micrometeorology of the site are reported in Cescatti and Zorer (2003) and Marcolla et al. (2003) .
The forest is dominated by silver fir (A. alba, 62.4% of basal area) and Norway spruce (P. abies, 35.6% of basal), with a total basal area of 61.5 m 2 ha -1 , a mean diameter at breast height (DBH) of 36 cm and a dominant height of 33 m. Because of the lack of management in previous decades, the stand has a high density (657 trees ha -1 with DBH > 17.5 cm), a wide range in stem diameter (2.5-65 cm) and a multi-layered canopy.
At the end of the experiment, all sample trees were cored with a Pressler's borer (Suunto, Finland) just below the area where the sap flow probes were installed. Sapwood thickness was determined on the basis of wood color (sapwood being more translucent than heartwood) and xylem water content (Kravka et al. 1999) . For this purpose, tree cores were sampled during the morning on days with full sunshine, placed immediately in sealed tubes, transported in a refrigerated bag to the laboratory, sliced, measured with a caliper to the nearest 0.01 mm and then weighed to ± 0.001 g. Water content was determined after oven drying at 80°C for 48 h. To scale up sap flux measurements to the tree level, sapwood thickness was assumed uniform around the stem circumference.
Probe design and sap flux density measurements
Sap flux density was measured by the heat dissipation method (Granier 1985) in three specimens each of P. abies and A. alba; biometric data of sample trees are shown in Table 1 . Sample trees are identified hereafter with the letter a (for Abies) and p (for Picea), followed by two digits corresponding to the DBH.
The sensor design was similar to that originally proposed by Granier (1985 Granier ( , 1987 , but the effective measuring element was reduced to 1 cm in length (Irvine et al. 2002 , James et al. 2002 . Each handmade sensor consisted of two cylindrical probes with an outer diameter of 1.3 mm, ranging from 3 to 6.5 cm in length, containing a copper-constantan (Cu-Cn) thermocouple and surrounded by a constantan wire. Sensors were installed at five depths in the sapwood of four large, dominant trees: 0-10, 10-20, 20-30, 35-45 and 55-65 mm. Sensors were also installed at the following four depths in two small, suppressed trees: 0-10, 10-20, 20-30 and 35-45 mm. 1218 FIORA AND CESCATTI TREE PHYSIOLOGY VOLUME 26, 2006 To limit variability on sap flux density around each stem circumference, sensors were installed at about 2.5 m above the ground (Köstner et al. 1998) . The probes, coated in thermally conductive paste, were inserted into 11-mm-long aluminum tubes (2 mm outside diameter), and finally pushed in two 2.1-mm holes, vertically 10 cm apart. Different sensors pertaining to successive depths were placed 5 cm apart vertically (staggered upward and downward) and 10 cm apart circumferentially, and were sheltered from direct sunlight and rainfall by aluminum sheets. The upper probe was heated continuously with a constant power of 0.14 W, whereas the lower probe was left unheated to measure wood temperature. The entire system was powered by a 12-V power pack connected to mains power, and the current was adjusted to 0.120 A. The temperature difference between the two probes (ΔT ) was converted to sap flux density (v) as proposed by Granier (1985) . For a few days at the beginning of the experiments, measurements were taken without heating the upper probes, to detect the natural temperature gradients. Because temperature differences were < 0.15°C for all sapwood depths, they were considered negligible Rocheteau 2002a, 2002b) . Signals from the sap flow sensors were measured every minute and 15-min means were recorded by a data logger (CR10X, Campbell Scientific, Logan, UT) equipped with two 25-channel multiplexers (AM25T, Campbell Scientific). Data was collected from July 19 to the end of October 2004 (Day of the Year (DOY) 200-304), except for specimen a20 that was measured from DOY 200 to DOY 238.
Correction factors
Sap flux density was converted to sap flow (F) by weighting each sap flux density measurement by the sapwood area adjacent to the corresponding probe (Hatton et al. 1990 ) and implementing the zero-average technique (Pausch et al. 2000) for sapwood depths without sensors. A correction factor (CF) was calculated for each sample tree as described by Delzon et al. (2004) , using the outer sensor (0-10 mm depth) as a reference. For this purpose, sap flow ratios (Delzon et al. 2004 ) at each depth, obtained from the ratio of the sap flow of the inner probes to the reference probe, were multiplied by an areaweighted mean corresponding to the cross-sectional sapwood area (A i ) sampled at each i-position, divided by the entire cross-conducting area (A). To assess the daily variation in the radial sap flux density profile, 30-min CF (instantaneous correction factor, identified hereafter as CF i ) for sunny days between 0830 and 1830 h was calculated. For every tree, the mean daily trend for the period DOY 200-271 was calculated. Daily correction factors (CF d ) were obtained based on the sum of daily sap fluxes at each depth. Seasonal variability was determined by extending the data collection and analysis to the end of October 2004 (DOY 304).
Sap flow data were scaled up from single outer measurements to the whole tree and from 30-min values to season by means of regression models based on cumulated PAR and DBH as predictors, and CF means as the dependent variable. We calculated CF i based on different classes of cumulated PAR since sunrise (PAR i , mol m -2 ), whereas CF d was calculated based on total daily PAR (PAR d , mol m -2 day -1 ). Contrary to previous studies relating changes in radial sap flux density pattern to vapor pressure deficit (Oren et al. 1999 , Ford et al. 2004a , 2004b , we found that diurnal and seasonal changes were mostly dependent on photosynthetic active radiation. In all our trees, correlation coefficients between daily total stem flow (and CF d ) and PAR were stronger than with VPD, although both relationships were significant at P < 0.05 (data not shown).
We used a correction factor to evaluate the magnitude of potential systematic errors generated by assuming a uniform radial distribution of sap flux density across the sapwood. Errors were calculated as the ratio between sap flow considering a uniform radial profile minus sap flow considering CF. Thus, daily and seasonal CFs at the stand level were applied to the whole sap flow dataset (22 trees with DBH ranging from 20-60 cm) to calculate these errors at the ecosystem scale. Statistical analysis was performed with STATISTICA v.5 (Statsoft, Tulsa, OK).
Results and discussion
Radial profiles
Sapwood depth reached 31-41% of the xylem radius in silver fir and 34-47% in Norway spruce. These values are similar to the values of 30-45% reported for Norway spruce in central Sweden (Kravka et al. 1999) .
The radial pattern of sap flux density differed among trees (Figure 1) . In dominant trees, with the exception of p40, the radial pattern had a Gaussian profile, with the peaks of sap flux density in the range of 10-20 mm in a41, 20-30 mm in p60 and 35-45 mm in a50. Peaks of sap flux density were significantly different (ANCOVA; P < 0.05) from sap flux densities of the adjacent sensors. In a50 and p60, sap flux density values in the outer sapwood did not differ significantly among them. Sap flux density profiles decreased toward the inner xylem in p40 and in the suppressed trees, p25 and a20; the latter being characterized by a limited sapwood depth and thin annual rings with 70% of total sap flow in sapwood at a depth of 0-10 mm. Despite individual differences, in both dominant Norway spruce and silver fir, 40-52 and 81-87% of total daily sap flow occurred in the outer 20 and 40 mm of sapwood, respectively.
Previous investigations on sap flux density of coniferous species with tracheid xylem anatomy have reported a Gaussian radial pattern, with maximum flow at a depth of 10 to 30 mm from the cambium (Picea engelmannii Parry ex Engelm and Pinus contorta Dougl. ex Loud. (Mark and Crews 1973) ; P. abies (Èermák et al. 1992) ; and Pinus sylvestris (Nadezhdina et al. 2002) ), or a monotonic pattern, decreasing towards the inner xylem (Pinus radiata D. Don (Hatton et al. 1990) ; P. sylvestris (Köstner et al. 1996a) ; Pinus pinaster Ait. (Delzon et al. 2004) ; and Pinus ponderosa Dougl. Ex P. Laws (Irvine et al. 2004) ). A bimodal pattern was observed in one study (A. alba (Anfodillo et al. 1993) ).
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com VARIABILITY IN SAP-FLOW RADIAL PROFILE Dye et al. (1991) explained the pattern of decreasing sap flux density toward the inner xylem by considering that transpiration in older branches in the lower crown, anatomically connected with the inner sapwood, may decrease progressively as a result of increasing shading. This phenomenon is manifest in even-aged stands with high stem density as the result of natural pruning of the lower crown. In contrast, in semi-natural, multi-layer canopies, like those of Lavarone, crown lengths may differ substantially according to the social position of the trees. Under these conditions, as reported by Jiménez et al. (2000) for two laurel forest trees, dominant trees with deep and well-illuminated crowns have a wide peak of sap flow deep in the xylem because the inner sapwood is anatomically connected to the mid-portion of the crown that still carries a large fraction of foliage. The decreasing pattern shown by p40, although a dominant tree, is a consequence of the crown of this specimen being shaded on the side with the sensors by another tree. In contrast to the findings of Jiminez et al. (2000) who found a uniform profile of sap flux density, our two suppressed trees, showed a monotonic decreasing sap flux density toward the inner xylem, with a sharper decrease in a20 than in p25.
The sharp decrease in radial sap flux density profile of the suppressed trees could be generated by social position and specifically by the interplay between the amount of radiation reaching the crown and annual ring increments. Suppressed trees, and in particular a20 (a heavily shaded tree), were characterized by small annual increments, especially in the outer xylem: the sensor at 0-10 mm depth in a20 spanned just about half of the total sapwood rings, which are presumably connected to all of the transpiring branches. Even p25, which was located in a canopy gap, was characterized by small increments, and the sensor at 0-10 mm depth spanned 11 annual rings, whereas the other sensors spanned eight annual rings. Tree p25 had 30 living whorls, so their contribution to transpiration decreased from upper to lower branches in relation to the amount of radiation reaching the different crown parts. The uniform radial sap flux density profile of the laurel forest species observed by Jiminez et al. (2000) could be explained by regular annual development of the shaded canopies.
These results, together with the outcomes of previous investigations, suggest that Gaussian or bimodal profiles of sap flux density with xylem depth are typical of isolated plants with long crowns, in sparse or discontinuous forests (Èermák et al. 1992 , Anfodillo et al. 1993 , Nadezhdina et al. 2002 , Ford et al. 2004b , whereas decreasing profiles are typical of even-aged stands (Köstner et al. 1996a , Delzon et al. 2004 , Irvine et al. 2004 .
In contrast to the observations of Jimenez et al. (2000), Granier et al. (1996 Granier et al. ( , 2000 and Oren et al. (1999) , we found no effect of DBH on sap flow rates in the outer sapwood of our sample trees. Furthermore, we found no clear relationship between sap flux density and DBH or tree height in the whole sap flow dataset (22 trees; data not shown). Similarly, Granier et al. (1992) and Köstner et al. (1996b) reported no consistent relationship between sap flux density and tree size. This lack of relationship could reflect differences in crown distribution above the sensors. Large circumferential differences in sap flux density have been observed in previous studies (Oren et al. 1999 , Lundblad et al. 2001 , and have been related to pruning (Lu et al. 2000) or the radial distribution of deep roots, especially in large trees (Martin et al. 2001) .
Diurnal variability in radial profile
On sunny days, mean CF d increased with tree diameter, ranging from 0.5 to 0.9 for suppressed and dominant trees, respectively. These CF d values are similar to those derived from previous studies (Köstner et al. 1996a , Zang et al. 1996 , Wullschleger and King 2000 . In contrast, Delzon et al. (2004) reported an inverse linear relationship between CF and tree diameter for even-aged maritime pine stands, and all specimens showed a decreasing sap flux density radial profile. Therefore, CF decreased with tree DBH because of the sharper decrease in the radial pattern for bigger trees than for smaller trees, and because the relative importance of flow in the outer 20 mm of sapwood was greater in small trees with narrow sapwood.
In Norway spruce and silver fir, the radial sap flux density profile varied systematically during the course of the day, with the highest contribution of the outer sapwood (0-10 mm) during early morning (0800-0900 h; up to 58% in p60) when the pattern of sap flux density was typically decreasing (Figure 2) . FIORA AND CESCATTI TREE PHYSIOLOGY VOLUME 26, 2006 At noon and in the late afternoon (1730-1830 h), the radial profile was more uniform, with a significant (ANOVA; P < 0.01) increase in sap flow in the inner xylem compared to the early morning. As a consequence of this typical diurnal pattern in the radial profile, there was high temporal variability in the correction factor (CF i ) during the day (Figure 3) . For all sample trees, except a20, CF i showed an increasing trend, particularly in the morning and in the late afternoon. This pattern may reflect several phenomena: (1) high incident radiation reaching the crown top (directly connected to the outer part of the sapwood) before it reached the crown base (connected with the inner xylem layers); (2) different time lags between changes in incident radiation and sap flow at different xylem depths; (3) changes in xylem water content; and (4) the diurnal trend in transpiration and water potential. According to this latter hypothesis, the outer xylem may supply more water than the inner xylem earlier in the day, because low evaporative demands allow the transport system to operate mainly within the outer rings; whereas later in the day, because of increasing evaporative demand and lower stem-water content, the root-to-leaf water potential gradient grows and inner rings gradually increase their contribution to total stem flow (Ford et al. 2004a ). Moreover, differences in daily depletion in soil-water content with depth could induce a feedback response in root-water uptake, given that the outer sapwood is presumably connected with surface roots and the inner sapwood with intermediate or deep roots (Nadezhdina and Èermák 2003) . In addition, diurnal variability of the radial profile could be determined by cavitation (Ford et al. 2004a) or by stomatal closure in the sunlit part of the crown, anatomically connected with the outer sapwood. Nadezhdina et al. (2002) tions in the sapwood layer with the highest sap flow rate, which was connected to sun-exposed leaves. The assumption of a uniform radial sap flow profile results in an overestimation of whole-tree transpiration, occurring in the morning for dominant trees with a peak of sap flux density in the inner xylem (errors ranging from +44 to +106% early in the morning to -3 to +7% late in the afternoon, with a mean daily error of +16%), whereas in supressed trees with a decreasing pattern of radial sap flux density, diurnal transpiration would be overestimated (from +89 to +112% in the morning to +21 to +101% in the afternoon). The magnitude of these errors depends on the width of the sapwood zone with peak flow rates (Nadezhdina et al. 2002) , and also on evaporative demands: regressions between DBH and CF i at different values of PAR i show that errors decreased during the day, especially in dominant trees with large sapwood areas (Figure 4a ).
The dependence of CF i on tree dimension and cumulated PAR i reported in Figure (1) where DBH is expressed in cm and PAR i is expressed in mol m -2 , and r 2 = 0.90. Magnitude of errors, daily trend and dependence of CF i on tree dimension and cumulated PAR i were similar for both species (A. alba: r 2 = 0.98, P. abies: r 2 = 0.50; data not shown), even if in Picea the best relationship was a multiple regression with PAR and DBH as independent factors (r 2 = 0.68; data not shown).
When scaling fluxes from a single tree to the stand, errors generated by the assumption of uniform radial profile diminished linearly during the day. In the period between DOY 240 and 250, errors ranged from +50 to +81% in early morning to +8 to +36% in the late afternoon, with a mean error of +32%. The mean daily trend of the corrected and uncorrected fluxes reported in Figure 5 for DOY 240-250 shows the importance of accounting for the radial distribution of sap flux density for the correct estimation of ecosystem sap flow rates.
Seasonal variability in radial profile
In addition to the diurnal variability, the radial profile of sap flux density showed systematic variation during the growing season. During sunny summer days, the peaks of sap flux density were more pronounced (Nadezhdina et al. 2002) , with a correction factor close to unity in dominant trees (Figure 6a ). Under these conditions, total mass flow can be estimated on the basis of sap flux density at a sapwood depth of 0-10 mm and assuming a uniform radial profile.
During the autumn, during cloudy periods, radial profiles of sap flux density were more uniform, with less pronounced inner peaks, reflecting the more uniform rate of transpiration throughout the crown (Jimenez et al. 2000) . As a result, the value of the correction factor decreased and output of the outer sensor increased in relative importance.
The contribution of the inner xylem increased with increasing daily cumulated PAR (PAR d ). The mean daily CF (CF d ) increase observed in this study was proportional to tree diameter, ranging from 29% in a20 to 300% in a50 and p60. For both species, the relationships between CF d and tree DBH were linear with angular coefficients dependent on the total daily PAR d (Figure 6a ). As a consequence of the interplay between CF d and PAR d , whole-tree water use would be overestimated assuming a uniform radial profile, especially for dominant trees on cloudy days (up to 250%), when outer rings account for nearly all of the total sap flow. On the basis of these findings, we developed a regression model (Equation 2) to predict the mean daily correction factor for whole-tree transpiration with DBH and PAR d as predictors (Figure 6b The assumption of a uniform radial profile led to an overestimation of sap flow at the stand level of up to 130% on cloudy days, whereas when evaporative demand was high, errors were between +25 and +40% (Figure 7 ). In the period DOY 200-304, total sap flow was overestimated by 40% when a uniform radial sap flux density profile was assumed. This overestimation is similar in magnitude to errors found by Delzon et al. (2004) in a 54-and a 91-year-old maritime pine stand (overestimation of 26 and 47%, respectively). Values of stand sap flow predicted by the model for instantaneous CF (Equation 1) and for mean daily CF (Equation 2) for the period between DOY 240 and 249 were similar (Figure 7, inset) , demonstrating the consistency of the two approaches.
Conclusions
Diurnal and seasonal changes in the radial pattern of sap flux density of six trees in an even-aged mixed stand of silver fir and Norway spruce were investigated, using arrays of handmade Granier sensors with 1-cm-long measuring elements.
The different radial distribution of sap flux density seems to be related to the social position and crown distribution of the tree.
The assumption that uniform sap flux density over the xylem radius produces large errors when single-point measurements in the outer sapwood are scaled to the tree or wholestand level was confirmed. We also demonstrated that meteorological drivers can effectively modify the diurnal and seasonal radial distribution of sap flux density. In contrast to previous studies relating changes in radial sap flux density pattern to vapor pressure deficit, we found that both diurnal and seasonal changes were strongly correlated with total PAR. This study demonstrates the importance of the temporal variability of the sap flux radial pattern in upscaling transpiration measurements from tree to canopy. For this reason, the sap flux density should be systematically measured at different depths to estimate the sap flow of plants with deep active sapwood. These measurements can later be used to parameterize predictive models, like those presented in Equations 1 and 2, to correct single-point measurements of the sap flow when the radial profile is unavailable. 
